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Four Decades of Progress in Monitoring and Modeling of Processes in the Soil-Plant-
Atmosphere System: Applications and Challenges  
Characterization of the heterogeneous flow and pollutant 
transfer in the unsaturated zone in the fluvio-glacial deposit. 
T. Winiarskia, L. Lassabaterea, R. Angulo-Jaramilloa and D. Goutalandb 
Infiltration basins are part of the best management practices. They are aimed at infiltrating stormwater to prevent 
additional collection and treatment through rainwater systems. In the suburbs of Lyon (France), many of these 
infiltration basins were built over fluvio-glacial deposit. These basins have been the subject of research programs on 
vadose zone flow and fate of pollutants. This study focuses on the impact of the heterogeneity of the fluvio-glacial 
deposit on both flow pattern and solute transfer. A proper geological and sedimentological description is first 
proposed to characterize the efficient water transfer properties of the fluvio-glacial deposit at the work scale (1 ha). 
The local geological and sedimentological architecture of the deposit and its lithofacies were investigated locally 
through trenches using both particle size analysis and sedimentological approach. This information was extended to 
the whole work by combining several geophysical techniques, i.e. GPR, electric resistivity and seismic refraction 
tomography (data not shown). Then water infiltration experiments were performed on each lithofacies to derive the 
hydrodynamic properties through BEST algorithm (Beerkan estimation of Soil Transfer properties), leading to the 
corresponding hydrofacies. In addition, soil-column and batch experiments were performed to estimate 
hydrodispersive parameters by tracer experiments and the geochemical properties of lithofacies for a model pollutant, 
 copper (Cu). All these data were implemented into Hydrus to model flow and solute transfer through a 2D soil 
profile with a precise description of the hydrofacies at the basin scale (flow domain 14x2 m2). The results are highly 
relevant because they emphasize different types of preferential flow due to either the presence of capillary barriers, 
drainage layers or pipe flow, which may be responsible for the enhancement of pollutant transfer. In particular, they 
show that sand lenses may play an important role whereas unconnected gravels may have insignificant effect on flow. 
This methodology may help in understanding the mechanisms which that are responsible for preferential solute 
transfer. A sensitivity analysis combining the distribution of lithofacies, the soil initial water content and unsaturated 
hydraulic properties allows bettering understanding the development of preferential flows across the vadose zone 
underneath the basin. This data is of great interest in terms of the optimization of basin infiltration monitoring. 
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The sediment deposits forming aquifers and unsaturated zones are, by nature, complex, three dimensional 
and generally anisotropic [1]. Hydrodynamic heterogeneities can generate preferential flow leading to the 
transfer of contaminants downwards until they reach the water table. Some authors have shown that 
sediment structures significantly influence flows in the unsaturated zone and the transport of 
contaminants over a wide range of scales [2]. Winiarski  [3] showed that the natural sedimentary 
heterogeneity of a glaciofluvial sediment deposit at metric scale had an impact on the unsaturated flows 
below a stormwater infiltration basin, resulting in the preferential accumulation of pollutants in certain 
lithofacies. The spatial distribution of these lithofacies has an influence on the distribution of hydraulic 
conductivity [4]. Anderson [5] showed that sediment characteristics, such as grain size distribution, 
texture and the creation of a lithofacies can be directly linked to hydrodynamic properties like saturated 
hydraulic conductivity or porosity. Indeed, he introduced the term of hydrofacies to describe homogenous 
hydrogeological units corresponding to lithofacies.  
This paper aims at presenting the study of flow and solute transfer in the vadose zone underneath Django 
Reinhardt infiltration basin, settled over the glaciofluvial that covers the plains of eastern Lyon (France). 
The design studies of this type of urban works consider the subsoil as homogeneous [7]; which is a too 
simplistic assumption. In this paper we hypothesize that the heterogeneities of the fluvioglacial deposit 
have an impact on the flow and enhance pollutant transfer. To validate such hypothesis, the following 
steps are presented successively: (i) proposition of a hydrodynamic model (2D) on the basis of the 
sedimentological study previously proposed by Goutaland [8], (ii) numerical modelling and sensitivity 
analysis of influence of heterogeneities on the flow in the unsaturated zone and (iv) determination of 
retention properties of lithofacies with regards the a model pollutant (copper, Cu) and (iv) numerical 
prediction of the fate of Copper for the case of typical rainfall event. Copper was selected as the model 
pollutant for that study insofar as this element is part of the major pollutants and is representative of 
pollutants with a significant mobility. 
 
 
Fig 1 : (a) Geological settings of the eastern part of the Lyon area, and (b) location of the site in the Chassieu city area. The DjR 
infiltration basin is located in 13-m-deep unsaturated glaciofluvial deposits. It is located downstream from a storage and settling. 
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The study site is located on an ancient formation dating from the last Glacial Maximum on which urban 
structures have been installed (the glaciofluvial deposit of east Lyon, France). The study site (GPS 
coordinates: 45.7360°N / 4.9570°E) is located in the corridor of Chassieu and is a stormwater infiltration 
basin located south of this town (Fig. 1), instrumented by the Observatoire de Terrain en Hydrologie 
Urbaine (http://www.graie.org/othu/). The depth of the unsaturated zone under the infiltration basin is 13 
m. The infiltration surface area of the structure is about 1 ha and receives runoff water from an industrial 
watershed of 186 ha [8]; [9]; [10]; [3]; [11]; [6]. Excavation by mechanical shovel allowed updating the 
profile of the soil beneath the infiltration surface layer. This profile has been the subject of a detailed 
lithographic description [11]; [7] according to the methodology developed by [4] and [12]. The 
infiltration of runoff water occurring over a period of 15 years has led to the settlement of a sedimentary 
layer composed of a loamy-clay material that may potentially release pollutant during rainfall events. 
The trench studied was composed of 4 structural units for a length of 13.5 m and a height of 2.5 m 
(Fig.2). All the units are made of four main lithofacies: (i) matrix without gravel (Gcg, o), (ii) sandy 
gravel (Gcm), (iii) sandy gravel bimodal (Gcm, b) and (iv) sand (Sx). All these lithofacies are described 
in terms of particle size distribution and structure in Fig.3. Unit 1 was in the north part of the excavation 
wall. It was mainly composed of lithofacies Gcm, and alternating lithofacies Gcm,b and Gcg,o (Fig. 2). 
Unit 2 was composed of alternating lithofacies Gcm,b and Gcg,o. The average thickness of the Gcg,o 
layers was 5 cm. The lower part of unit 3 was composed of lithofacies S-x 1 m thick (Fig. 2), and the 
upper part of lithofacies Gcm and lithofacies Gcm,b, banded by lithofacies Gcg,o. Unit 4, located under 
the surface, was a uniform layer with a thickness ranging from 0.25 to 0.30 m. Equivalent structural units 
and lithofacies were highlighted for glaciofluvial deposits in the Rhine valley [13]; [14]; [15]; [16], on 
formations in northern Italy [17]; [18] and on formations in Wisconsin [19]. 
 
 
Fig 2 : Sedimentological description of the trench, lithofacies and sedimentation unit of the study site. The units are delimitated by 
dashed lines and gather several kinds of lithofacies [7]. 
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Fig.3: Schematic representation, description and particle size distribution (cumulative and frequency) of the four main lithofacies on 
the basis of Miall’s code [7]. 
Hydrodynamic parameters were determined by water infiltration experiments and using BEST method 
developed by [21], for the lithofacies S-x, Gcm, and Gcm,b. This method had already been validated for 
that kind of materials [6] and using analytical generated data [21]. For the coarser lithofacies Gcg, o, the 
water retention and hydraulic conductivity curve were built from the particle size distribution using the 
method of Arya and Paris [22] along with the search for values in the literature on hydraulic conductivity 
at saturation. The curves obtained were fitted to the van Genuchten-Mualem model [23] and related 
parameters are detailed in Table 1. 
Hydrodispersive parameters were determined by tracer experiments using laboratory column. The 
materials were packed in laboratory columns and submitted to the injection of bromide as a tracer. The 
analysis of breakthrough curves through the method of moments and inverse numerical modelling helped 
identifying the hydrodynamic parameters for one of the lithofacies,  Gcm,b [24]. The other materials 
were assigned the value of the average particle size for the dispersivity as suggested by [25]. To study 
copper retention by the lithofacies, batch experiments were carried out on the basis of the methodology 
proposed by [24]. Mixtures were performed with a L/S ratio of 10 using the polluted solution obtained by 
lixiviating of the top sedimentary layer (Cu concentration in the order of 15 g/L). Such protocol aimed at 
mimicking field conditions. These experiments are presented in the result section and permitted the 
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determination of retention isotherms and related geochemical parameters that are required for the 
numerical modelling (see the result section). 
Table 1 : Hydrodynamic parameters associated with hydrofacies site Django Reinhardt obtained from BEST Arya and Paris. 
Hydrofaciès r (m3m-3) 
s 
(m3m-3) 
 =1/hg 
(m-1) n 
Ks 
(m h-1) 
hS-x 0.013 0.337 20.5 2.92 3.52 
hGcm 0.037 0.274 4.74 2.40 0.551 
hGcm,b 0.032 0.226 0.840 2.71 0.0432 
hGc-,o 0.020 0.360 111.6 2.70 360 
 
Unsaturated water flow and transfer in the study site was modeled using the HYDRUS code [26]. 
Variably-saturated flow was modeled using the Richards equation with no sink term: 
          
Where  is the volumetric water content,  is the pressure head,  are the spatial coordinates,  is time, 
and  are components of the unsaturated hydraulic conductivity tensor. We assumed the soil in each 
layer to be isotropic, with both entries  and , equal to the unsaturated hydraulic conductivity 
function, ( ). Soil water retention and hydraulic curves are characterized by the van Genuchten –
Mualem [23] : 
1          
2
1/1 1         
Where  and  denote the residual and saturated water contents, respectively;  and  are the saturated 
and relative hydraulic conductivities, respectively  the scale parameter of water pressure heads,  is a 
pore-size distribution index,  is a pore-connectivity parameter, and  = 1-1/ . 
The solute transfer was modeled on the basis of water fractionation into mobile and immobile water. This 
approach assumes that the liquid phase can be partitioned into mobile, , and immobile, , regions, 
with convective-dispersive transport being restricted to only the mobile region [27]: 
     
         
Where Cm and Cim are the liquid concentrations in the macro-pore (mobile water) and matrix (immobile 
water) regions, respectively  and  are the adsorbed concentrations in the mobile and immobile 
regions, respectively,  is the dimensionless fraction of sorption sites in contact with mobile water, is 
the dispersion tensor in the mobile region, respectively, and  is solute mass transfer coefficient between 
the two regions. The longitudinal, DL, and transversal, DL, dispersion coefficients take into account the 
effects of molecular diffusion and mechanical dispersion; they may be defined as follows [28]: 
0
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0
           
where L and T are the medium longitudinal and transversal dispersivities,  the medium tortuosity, and 
D0 the solute molecular diffusion coefficient.  
Concerning pollutant retention, we neglect retention kinetics in a first attempt, this subject being the focus 
of further research. The total sorbed concentration, S, is described as function of the liquid concentration, 
C, with the following general expression [26]: 
1
            
Where Kd  and  are empirical coefficients and were estimated from batch experiments on the fraction < 
2mm and their extrapolation to the whole lithofacies. 
Flow and solute transfer were modeled for the trench previously characterized in terms of sedimentology. 
A part of the section presented in Fig. 2 was then meshed through triangular elements to build the 
reference 2D numerical domain, 13.5 m in length and 2.5 m in depth. Each node was affected a set of 
hydraulic, hydrodispersive and geochemichal parameters accordingly to the sedimentological description 
of the trench (Fig. 4). Two events were modeled: (i) drainage from a close to saturation initial state and 
(ii) permanent flow induced by a constant flux at surface, chosen as typical of average rainfall event. For 
both events, the initial condition was fixed at-hi = 0.01 m to simulate close to initial saturated condition. 
Boundary conditions were set at no flux on the side walls and free drainage at the bottom. For the first 
event, water redistribution was calculated, assuming no flux at the upper boundary and a period of one 
week (168 hours). For the second event, the flux was imposed at surface at an average values and kept 
constant with time. Cu was injected at a concentration of 15 g/L which corresponds to the averaged field 
concentrations. The pulse injection was performed when steady state flow was reached. At the same time, 
a tracer is numerically injected at the same concentration to show the effect of dispersion and convection 
without any retention. 
 
 
Fig 4 : Lithofacies description (left) and material distribution in Hydrus (right). 
 
Lassabatere et al. [6] built a model of the study site at multiannual scale by assuming it to be an 
unsaturated homogenous zone. The principle of the approach proposed in this paper consists in taking 
into account the heterogeneity of the deposit to model transfers. Indeed, it is known that structural 
heterogeneities affect flows in unsaturated zones [29]. The model of the trench hydrofacies was built 
using the 2D representation of the lithofacies. The hydrodynamic parameters of each hydrofacies (Tab.1) 
were implemented in HYDRUS 2D. The results of modeling volumetric water content and water pressure 
heads are presented as a function of time for the initial and limit conditions corresponding to free drainage 
from an initially saturated profile (Fig. 5). 
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Fig 5 : Evolution of the volumetric water content and water pressure head spatial distributions, calculated with Hydrus for the study 
site trench during free drainage; profiles showing water pressure heads at 1h and 24 h for the section A-A’. 
 
Modeled data for the case of drainage highlight the capillary barrier effects involving hydrofacies hS-x 
and hGc-,o. These two hydrofacies are the source of a high water pressure head gradient at their upper 
edges. The water pressure heads are high (hydric state close to saturation) at the start of drainage (t<1 h). 
The hydraulic conductivity of hydrofacies hS-x and hGc-,o is therefore maximal and exceeds that of 
hydrofacies hGcm,b and hGcm (Tab.1). Hydrofacies hS-x and hGc-,o therefore drain more rapidly, 
inducing a rapid reduction of the volumetric water content and water pressure head. Once desaturated 
(t>72 h), hydrofacies hS-x and hGc-,o are less conductive. The hydraulic conductivity at the interfaces is 
therefore reversed, as can be seen by the appearance of a strong pressure gradient at the interface between 
S-x and Gcm,b. The evolution of the pressure profile along section A-A’ confirms the occurrence of this 
strong gradient. Initially (t=1h), the pressure decreases continuously along the profile. Then, after 24h, the 
pressure profile is marked by a much steeper slope at the interface (Fig. 4, section A-A’, t = 24h). This 
type of configuration indicates a capillary barrier phenomenon [29], leading to increased pressure above 
the interface between the two hydrofacies, continuing until the formation of a perched water table (Fig. 5, 
t>24h). These capillary barrier effects are also the source of a funneled flow. The flow is concentrated in 
the layer above the interface and has a strong lateral component, forming a funneled flow with greater 
saturation at the center of the section (Fig. 5). The formation of preferential flows at the center of the 
profile is shown, linked to the presence of the sand (i.e. hydrofacies hS-x). This type of flow has been 
described as a funneled flow [29]; [30]; [31]. Flows of the same type are modeled close to hydrofacies 
hGc-,o but are not connected. This heterogeneous flow pattern plays a major role at a scale characteristic 
of the size of the hydrofacies, demonstrating that unsaturated flows in this type of glaciofluvial deposit 
are much more complex than those modeled previously [6].  
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Table : Parameters for adsorption isotherms for all lithofacies for the case of linear and general isotherm. Gcm,b and Gcm were 
gathered insofar as related parameters were really close. 
Isotherm  Sx Gcg,o Gcm(b) 
Linear K 0,0479 0,0339 0,0238 
Complete 
Kd 0,047 0,0366 0,0459 
 0,252 0,215 0,332 
 2,301 1,885 1,465 
 
Gcm(b)/GcmGcg,oSx
Ce (μg/L)
Q
e
(μ
g/
g)
b) Tracer
Numerical Modelling
c) Cu as model pollutant
1 day
2 days
3 days
5.32e-6 8.31e-5 1.72e-4 2.60e-4 3.47e-4 5.25e-4 7.02e-4 7.91e-4 8.71e-4 9.67e-4
Concentration (mg/L)
a) Adsorption isotherms for Cu
0
0.10
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0
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0
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Fig 6: a) adsorption isotherms for Cu in the lithofacies, b) results of modeling for the tracer and c) for Cu assuming constant flux at 
surface. 
 
For the model pollutant (Cu), all the results,  batch experiments and related modeled data, are depicted 
in Fig. 6. Two kinds of isotherms were considered, the simplest (linear relationship) and the complete 
formulation (equation 8). The linear law is usually considered as a first step insofar as it reduces the risk 
of non-convergence of the numerical calculations and offers a convenient first step for the prediction of 
the fate of pollutants. If both models predict the experimental data quite accurately, the use of the 
complete formulation allows for a gain in precision (Fig. 6). Despite a slight discrepancies between 
models with regards the adequacy to reproduce experimental data, the impact on modeled data is drastic 
(data not shown). This demonstrates the necessity to properly described isotherms using the adequate 
formulation. Geochemical parameters corresponding to the complete formulation (Table 2) were coupled 
with flow parameters for the prediction of Cu concentration in the trench as a function of time (Fig. 6c). 
The transfer of the tracer was also computed, accounting for only dispersion and convection (Fig. 6b). 
Predicted flow field (data not shown) presents a similar flow pattern as for water distribution during 
drainage (Fig. 6). Preferential funneled flow develop at the interface between the sand lens (S-x) and 
Gcm,b and at the surroundings. Such flow pattern enhanced solute transfer along faster flow pathways. 
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As a consequence the vertical transfer is enhanced along these flow pathways and delayed in the other 
zones, resulting in a typical pattern for the tracer (Fig. 6 b) and Cu (Fig. 6 c). Such pattern drastically 
differs from the case of uniform flow with layer shaped plumes [32] and is typical for preferential solute 
transfer [33]. Additional Cu adsorption results in (i) the reduction of the amount of Cu in the section (a 
part of Cu is adsorbed and no longer present in the liquid phase), a retardation with a delay of Cu elution 
at the lower boundary (data not shown) and the retention of Cu in certain zones (Fig. 6c, same zones as 
high dissolved concentration zones). Clearly, if retention tones down the effect of flow heterogeneity, 
pollutant transfer is still impacted and restricted to certain zones. In addition, the comparison with a 
homogeneous section, i.e. section filled with only one of the materials, shows that flow homogeneity rules 
the global pollutant retention with a drastic decrease in retention due to flow heterogeneity (data not 
shown). These results confirm previous findings [24]. 
 
This paper presented the results of a general study on the study and the modelling of water flow and 
solute transfer in the vadose zone underneath an infiltration basin settled over a fluvioglacial deposit. The 
heterogeneity of the deposit was previously characterized by Goutaland et al. [7] in terms of 
sedimentological and hydraulic properties. This study presents (i) the characterization of hydrodispersive 
and geochemical properties and (ii) the implementation of these geochemical and physical parameters in a 
unsaturated flow and solute transfer model to predict the concentrations of Cu and non-reactive pollutants 
for the case of typical rainfall events. The results clearly state that the heterogeneity of sedimentological 
and hydraulic properties favors the development of preferential flow. In particular, the contrasts of 
hydraulic parameters between sandy lenses and bimodal lithofacies triggered capillary barrier effects with 
funneled flow at the interface. Such pattern strongly affected both reactive and non-reactive solute 
transfer with the enhancement of transfer along pathways and restriction of retention in certain zones 
aside. Clearly, physical heterogeneity appears as one of the key factors for the understanding pollutant 
transfer in such heterogeneous deposit. In addition, this approach appears promising for studying flows in 
other sedimentary environments (notably fluvial deposits). It is important to obtain better understanding 
of flows in underlying alluvial formations in order to correctly describe and predict the fate of pollutants 
infiltrating into very heterogeneous urban subsoils. This is a preliminary step that should be coupled with 
studies on the behavior of pollutants in different media by taking into account potential geochemical 
mechanisms [33], as suggested by Lassabatere et al. [24] for the deposit studied. Obviously, this type of 
approach cannot be adapted to very large scales, but it can be applied to that of a structure in which the 
impact of heterogeneities may play a predominant role on transport and retention phenomena. 
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